Near infrared (NIR) spectroscopy was investigated as a method for the nondestr uctive measurement of sugar content in intact potato tubers. The NIR spectra (400-1100 nm) of potato samples were acquired by fiber optics in the interactance mode. Calibration models for the prediction of the fructose and glucose contents were developed by a partial least squares statistical analysis method. The calibration model gave standard errors of prediction of 0.26 mg/g for fructose and 0.46 mg/g for glucose. The preliminary results showed that NIR spectroscopy gives a reasonable estimate that can be used for nondestructive sorting of potatoes according to their sugar content.
Introduction
Potatoes are used in the food industry to produce food products such as potato flakes, potato chips, and French fries. In each instance, potatoes are presorted before being introduced to the processing line. Consequently, the composition of the potato must be measured for variables such as dry matter, carbohydrate, and reducing sugar content (fructose and glucose) prior to determining its correct use, handling, and processing [1] [2] [3] . In the fried products industr y, the determination of the reducing sugars content is par ticularly impor tant because the presence of high levels of reducing sugars not only causes browning, but also generates acr ylic amide by the Maillard reaction with asparagines during the high temperature heating process. Acrylic amide is believed to be carcinogenic and poisonous to the nervous system and is therefore a highly undesirable attribute for consumers.
Potato tubers are normally stored at low temperatures to prevent sprouting and weight loss; however, during storage sugar content increases. Freshly har vested tubers normally have sugars in trace amounts. Very high sugar levels may be reached when stored at low temperatures. Removal of these potatoes with high reducing sugar content is necessary in the fried food industry.
The reducing sugar content of potatoes is generally determined by very accurate chemical methods, such as high performance liquid chromatography (HPLC). These methods are performed off-line, are time consuming and usually require trained personnel for their execution.
Additionally, these methods destroy the material that is being analyzed. Due to these reasons, chemical methods are generally not feasible for on-line measurement applications in the food industry. Therefore, a rapid method for determining the amounts of sugars in intact tubers would be useful for monitoring sugar levels during extended storage or for testing of shipments prior to processing.
Near infrared (NIR) spectroscopy offers a rapid and nondestructive alternative to chemical measurement techniques to evaluate compounds in food. NIR spectroscopy has been used to nondestructively estimate the specific gravity of potato tubers [4] and dry matter in potatoes [5] , as well as the main ingredients including the carbohydrate content in potatoes [6] [7] [8] [9] . In contrast, there are no reports describing nondestructive measurement of the sugar content in intact potatoes; however, a destructive NIR analysis of the sugar content of potato slices was reported [10, 11] . The objective of this study was to ascertain whether NIR spectroscopy could be used to determine the reducing sugar content of intact potato tubers.
Materials and methods

Experimental sample preparation
Potatoes of one cultivar (May-Queen) were purchased 
Spectra acquisition
NIR spectra were measured on all intact potato sam- we used the second derivative spectra. In addition, the second derivative spectra in the 600-1100 nm wavelength range showed higher resolution than the spectra in the 400-600 nm wavelength range. Thus, second derivative spectra were used to estimate sugar content of stored potatoes in this study.
Chemical analysis
After NIR spectra were measured, flesh of the potato tuber samples was cut and mashed by a mixer, the material was wrapped in gauze, and then the juice was 
Statistical Analysis
Data analyses were carried out using "Unscrambler" 
Variations of the NIR spectra during the storage process
The average NIR second derivative spectra of 15 potato tuber samples stored at 25 for 0, 2, 4, 6, 8, 10, 12, 14, and 16 weeks are shown in Fig. 4(a) . The variations in the second derivative spectra that result from the changing composition of the stored tubers may be very subtle, and therefore, can be difficult to obser ve. To clearly observe and confirm the variations in spectral intensity, the variance of these average spectra was calculated and plotted as shown in Fig. 4(b) . In the variance plot of the second derivative spectra, the peaks around 970 nm and 760 nm were attributable to water. The differences in the sizes of these peaks indicated that the potato tuber samples lost weight during the storage process. Other peaks were observed around 670, 710, 798, 830, and 926 nm.
The peak at 670 nm is attributable to chlorophyll, which is present in greater quantities in immature fruit than in mature fruit [12] . However, we also observed an absorption peak of glucose and fructose around 670 nm in the second derivative spectra of glucose and fructose ( Fig.   5 ). Moreover, the NIR second derivative spectra of potato tuber samples stored at 5 showed relatively large variations around 670 and 710 nm ( Fig. 6(b) ). Based on these facts, the considerable variations around 670 and 710 nm may be associated, either directly or indirectly, with the sugar content of potato tubers (see Fig. 4 (b) for compari- Storage time (weeks) Sugar content (mg/g) Fructose Glucose (a) (b) son). The spectra values at 710 nm and 934 nm are the fourth and third overtones of C-H stretching [13] . The values at 798 nm and 826 nm also may be related to fructose and glucose (Fig. 5 ). is usually employed [14] . A RPD value of 1.4-1.7 is regarded as adequate for rough screening and a value above 1.7 is regarded as satisfactory for screening. In this study, the RPD values of 1.42 for fructose content and 1.32 for glucose (close to the value proposed by Williams) were obtained. As such, the NIR calibration models are suitable for rough screening of the sugar contents of the potato tubers. Here, this nondestructive sorting approach can roughly partition the potato tubers into two groups; those with high values, and those with low values.
PLS regression
Discussion of the NIR Calibration Models
Regression coefficients can be used to discuss the contributions of individual wavelengths to a PLS calibration model, because a regression coefficient spectrum shows characteristic peaks and troughs that can indicate which wavelength range is important for the calibration model [15, 16] . Figure 8 shows the regression coefficients of the PLS calibration models of the fructose (a) and glucose (b) components, respectively. These regression coefficient spectra showed several marked peaks, such as those observed at 670, 710, 798, and 830 nm. Variations in the size of these peaks of the NIR second derivative spectra were observed in potato tuber samples during storage. We confirmed that these peaks were the absorption bands of glucose or fructose by comparison to second derivative spectra of glucose and fructose standards ( Fig. 5 ). In particular, the peak around 798 nm is consistent with the findings of Miyamoto and Kitano [17] , who reported a sugar absorbance band around 794 nm. The results presented here are also consisted with those reported by McGlone [18] and Abebe [19] , who reported a calibration model to estimate soluble solids content of mandarin fruit. In addition, there is a small peak around 830 nm in the regression coefficient of the PLS calibration model that can only be accounted for by glucose, as shown in Fig. 8 . We confirmed that this peak represented the absorption band of glucose by comparison to the second derivative spectra of glucose and fructose standards ( Fig. 5) . In other words, it is possible to differentiate glucose from fructose on the basis of these small differences in the calibration models. Furthermore, we confirmed that the peak at 888 nm in the regression coefficient 
NIR Prediction Results
The PLS calibration models for estimating the sugar components were applied to other independent potato tuber samples. The potato samples were separated into two groups; one was stored at 5 for 3 months, the other was stored at 25 for 3 months. As in the calibration analysis, five tubers were removed from each storage room every 2 weeks, and their NIR spectra were evaluated. Fructose and glucose contents of the potato tubers were predicted based on the calibration models. The changes in the glucose and fructose levels of the potato tuber samples during storage are shown in Fig. 9 . These results were consistent with pattern of glucose and fructose values determined in the potato tuber samples using chemical methods.
CONCLUSION
In this study, we roughly estimated reducing sugar contents in potato tubers during storage using a simple non-destructive approach that involved the acquisition of NIR spectra (400-1100 nm) with fiber optics in the interactance mode. The marked variations around 670, 798, 830, and 888 nm were associated with sugar content in the potato tubers. Comparisons between variance plots of the second derivative NIR spectra of potato samples stored at 25 and 5 showed clear differences that were attributable to sugar and water content. Based on the variations around these major wavelength bands, calibration models to accurately estimate fructose and glucose contents were developed by a partial least squares statistical analysis method. This preliminar y study demonstrates that near infrared spectroscopy can be used for Storage time (weeks) Sugar content (mg/g)
